equally contributed to the study.
Introduction
Alzheimer's disease (AD) is the most common cause of dementia, accounting for about 60% of cases (Ferri et al. 2005) . AD is characterized by progressive cell loss and deposition of neurofibrillary tangles and amyloid-β (Aβ) plaques (AP; Braak et al. 1993; Hansson et al. 2006) . The Aβ hypothesis of AD suggests that abnormal cleavage of Aβ-precursor protein results in the imbalanced production and clearance of Aβ-peptides, including peptide accumulation and AP formation. Aβ-pathology, in turn, triggers neural dysfunction and degeneration (i.e., tangle formation and cell loss), finally resulting in patients' cognitive impairment (Selkoe 2002) . This model raises the question of which neural mechanisms are involved in the translation of Aβ-pathology into cognitive impairments.
Intrinsic connectivity networks (ICNs) are characterized by synchronous ongoing brain activity at infra-slow frequency of about 0.1 Hz (Fox and Raichle 2007) . They are functional networks, that is, the same regions, whose ongoing activity is coherent in non-task-states, largely co-activate during task-states, suggesting that intrinsic networks implement specific aspects of cognition and behavior Laird et al. 2011) . One explanation for this functional aspect of intrinsic networks is that functional connectivity (FC) at rest reflects the history of correlated activity changes during goal-directed behavior (Lewis et al. 2009; Berkes et al. 2011; Riedl et al. 2011) .
ICNs are selectively disrupted in AD and in mild cognitive impairment (MCI), a high-risk state for AD (Gauthier et al. 2006) , with the earliest disruptions occurring in default mode and attention networks (DMN and ATN; Greicius et al. 2004; Sorg et al. 2007 Sorg et al. , 2009 Agosta et al. 2012 ). While the DMN, which covers medial fronto-parietal areas, activates when attention is not focused on the outside world and deactivates during worldfocused attention (Buckner et al. 2008) , ATNs, which cover lateral fronto-parietal areas, are more active during worldfocused attention and goal-directed behavior (Corbetta and Shulman 2002) . We use the term ATN in line with Allen et al. (2011) referring to a couple of networks such as the dorsal or ventral ATN or lateralized central executive networks, all being located in frontal and parietal lobes (Allen et al. 2011) . Aberrant resting-state FC of both DMN and ATNs overlaps and is related with Aβ-pathology in older persons with and without cognitive symptoms, suggesting a significant relationship between Aβ-pathology and network impairments Sheline et al. 2010; Drzezga et al. 2011; Mormino et al. 2011; Myers et al. 2014) . Given both the cognitive relevance of intrinsic networks and the correspondence between aberrant intrinsic connectivity and Aβ-pathology, there is reason to assume that aberrant ICN FC might be a relevant mechanism linking Aβ-pathology with impaired cognition in AD.
Initial evidence for this assumption has been found for the DMN in patients and asymptomatic older adults, showing an association of increased Aβ with higher DMN activity during a memory task ). However, it is still unclear whether ICNs beyond the DMN show a similar correspondence between Aβ-pathology, aberrant intrinsic FC, impaired taskrelated activity, and impaired behavior in a task that recruits that network. Considering that the DMN and ATNs cover regions with aberrant task-evoked activation and FC in AD dementia and MCI for a huge range of attention-demanding tasks (e.g., Dannhauser et al. 2005; Rombouts et al. 2005; Celone et al. 2006; Petrella et al. 2007; Sperling et al. 2010; Neufang et al. 2011; Mandal 2012) , we hypothesized, first, spatially consistent changes in FC across both attention-demanding task-and reststates in DMN and ATNs in AD. Regions showing such across task and rest consistent changes should be regions that are most strongly affected by the disease, and therefore potential candidates for proposed linking mechanisms via aberrant intrinsic FC. Therefore, we suggested, secondly, that these regions would link impaired network FC, Aβ-pathology, and impaired cognition in AD.
Materials and Methods

Overview
To address the study's hypotheses, we assessed patients with prodromal AD ( pAD; i.e., with MCI and biological signs of AD) and healthy older adults by resting-state functional MRI (rs-fMRI) to identify ICNs, task-fMRI (i.e., an attention-demanding task with different difficulty levels) to reveal ICN changes regionally consistent for attention-relevant task-and rest-states, positron emission tomography (PET) imaging using the tracer [11C]-Pittsburgh compound B (PiB-PET) to estimate Aβ-pathology in vivo via PiB-uptake, and neuropsychological assessment to estimate general cognitive performance. Independent component analysis (ICA) of fMRI data was used to quantify the networks' FC pattern during rest and task as a surrogate measure of ICN connectivity. ICA decomposes fMRI data into statistically independent components with each component consisting of both a spatial z-map, which represents network's FC pattern across space, and a time course, which represents network's activity across time. Z-maps of rest-and task-states were the main outcome measures of the study representing FC, and were related to each other, to regional PiB-uptake, and to cognitive performance scores via pairwise correlation and structural equation modeling (SEM). The study's hypotheses were specified as follows: (i) Aberrant FC is spatially consistent across states of rest and the cognitive task in DMN and ATNs. (ii) Resting-state FC of such overlapping regions relates with both PiB-uptake and impaired cognition. Specifically, we expected resting-state FC to mediate the association between PiB-uptake and cognition.
Participants
Assessment Twenty-four patients (10 females, age range 50-83 years) diagnosed with pAD and 16 healthy controls (9 females, age range 57-75 years) participated in the study ( Morris et al. 1989) , structural MRI, and PiB-PET.
Definition of pAD pAD has been defined by the coincidence of both MCI and the presence of at least 1 of 5 supportive biological signs for AD such as medial temporal lobe atrophy or significant PiB-load (Dubois et al. 2007) . Following this definition, we focused on the presence of MCI and significant PiB-uptake. MCI criteria include reported and neuropsychologically assessed cognitive impairments, largely intact activities of daily living, and excluded dementia (Gauthier et al. 2006 ). For significant PiB-uptake, we used a cut-off for "high" or "low" standardized uptake value (SUV) ratios of 1.15, consistent with cut-off values used in previous PiB-PET studies (Drzezga et al. 2011) . Patients with high PiB binding (i.e., SUV ratio ≥1.15) were classified as PiB-positive and those with SUV ratio <1.15 were classified as PiB-negative (i.e., PiB-uptake SUV <1.15 was an inclusion criterion for healthy controls). Standardized SUV is measured for a pre-established large cortical volume of interest including lateral prefrontal, parietal, and temporal areas and the retrosplenial cortex, which are described in more detail below (see PET methods) and in Supplementary Material (Supplementary Fig. 1 ) Drzezga et al. 2011) . One should note that our definition of pAD goes along with recent recommendations of a workgroup charged by the National Institute on Aging and the Alzheimer's Association (Albert et al. 2011) , which suggested to differentiate between MCI (i.e., the presence of core clinical criteria for MCI, based on the characteristics of the clinical syndrome, and an examination of potential etiologic causes for the cognitive decline), MCI due to AD with an intermediate likelihood (i.e., the presence of core clinical criteria for MCI, either a positive biomarker reflecting Aβ deposition with an untested biomarker of neuronal injury, or a positive biomarker reflecting neuronal injury with an untested biomarker of Aβ), MCI due to AD with a high likelihood (i.e., the presence of core clinical criteria for MCI, positive biomarkers for both Aβ and neuronal injury), and MCI unlikely due to AD (i.e., negative biomarkers for both Aβ and neuronal injury).
In-and Exclusion Criteria
Patients of our study met criteria for MCI and demonstrated significant cortical PiB-uptake (PiB-positive). Healthy controls met criteria of being both without cognitive symptoms (i.e., CDR 0 and all CERAD subscores within 1 SD of age-and gender-matched performance) and PiBnegative. Exclusion criteria for entry into the study were other neurological, psychiatric, or systemic diseases (e.g., stroke, depression, and alcoholism) or clinically remarkable structural MRI (e.g., stroke lesions) potentially related to cognitive impairment. Fifteen patients/8 healthy controls were treated for hypertension (beta-blockers, ACE inhibitors, and calcium channel blockers), and 7/5 for hypercholesterolemia (statins). Two patients had diabetes mellitus, 4 received antidepressant medication (Mirtazapine and Citalopram), and no patient received cholinesterase inhibitors.
Multimodal Imaging Assessment
All participants underwent both MRI and PiB-PET imaging sessions. MRI session included structural MRI, rs-fMRI, and task-fMRI. PET and MRI sessions were conducted within 3.7 (±2.5) months for patients, and within 8 (±3.1) months for healthy controls.
Functional MRI Analysis
Resting-State Paradigm During rs-fMRI (10 min), participants were instructed to keep their eyes closed and not to fall asleep. We verified that participants stayed awake by interrogating via intercom immediately after scanning. 
Behavioral Paradigm
During task-fMRI, participants underwent an attention-demanding task with different difficulty levels (and therefore varying attention demands). We employed a visuo-motor dual-task paradigm with the aim of taxing central executive processing via orthogonal task demands (for detailed task description, please refer to Supplementary Material). By using a full factorial design with independently varying levels of difficulty in the visual and motor domains, we aimed to parametrically modulate task difficulty in a design that was still straightforward enough for patients to follow and perform at above-chance levels, even in the most difficult condition (in contrast, a more conventional task, such as typical working memory task with increasing load, could easily have brought patients to chance performance in the difficult conditions). We analyzed accuracy (ACCR) and reaction time (RT) data using a two-way mixed-effects ANOVA, with factors group (2 levels) and task difficulty (4 levels). The current analysis aims at the relationship between networks' FC during both being at rest and at an attention-demanding task state.
Data Acquisition fMRI data were collected using a gradient-echo planar imaging sequence (echo time = 35 ms, repetition time = 2000 ms, flip angle = 82°, field of view = 220 × 220 mm², matrix = 80 × 80, 32 slices, slice thickness = 4 mm, and 0 mm interslice gap).
Data Preprocessing
For each participant, the first 3 functional scans of each fMRI session were discarded due to tissue magnetization effects. SPM5 (Wellcome Department of Cognitive Neurology, London, UK) was used for motion correction, spatial normalization into the Montreal Neurological Institute (MNI) space, and spatial smoothing with an 8 × 8 × 8 mm Gaussian kernel. To ensure data quality, particularly concerning motion-induced artifacts, point-to-point head motion was estimated for each subject (Power et al. 2012; Van Dijk et al. 2012) . Excessive head motion (cumulative translation or rotation >3 mm or 3°and mean point-to-point translation or rotation >0.15 mm or 0.1°) was applied as an exclusion criterion. For rs-fMRI, none of the participants had to be excluded. For task-fMRI, 1 healthy control and 7 patients had to be removed from the analysis due to excessive movement (n = 5) or technical problems (n = 3), respectively. For both rs-and task-fMRI data, two-sample t-tests between groups yielded no significant results regarding translational and rotational movements of any direction (P > 0.05).
ICA and Measuring FC Preprocessed data were decomposed into spatially independent components reflecting ICNs in a group-ICA framework (Calhoun et al. 2001) , which is implemented in the GIFT software (http://icatb. sourceforge.net). Dimensionality estimation was performed for each individual dataset using minimum description length, resulting in a mean estimate of 35 (rs-fMRI)/59 (task-fMRI) components. For rs-and task-fMRI, data of controls and patients were concatenated and reduced by two-step principal component analysis, followed by independent component estimation with the infomax algorithm. This resulted in 2 sets of average group components for both fMRI runs, which were subsequently back-reconstructed into single-subject space.
For each subject and fMRI run, each component included both a spatial map, which reflected that component's z-scored FC pattern across space, and a time course, which reflected the component's activity across time. Only spatial maps were analyzed further. According to previous findings of aberrant medial and lateral frontoparietal ICNs in early stages of AD (Sorg et al. 2007 (Sorg et al. , 2009 Neufang et al. 2011; Agosta et al. 2012) , the DMN and attentional ICNs were of interest (Allen et al. 2011) . To automatically select ICNs-of-interest, we applied multiple spatial regression analyses of the 35 (rs-fMRI)/59 (task-fMRI) independent components on masks derived from a previous study (Allen et al. 2011 ) as a control for the specificity of effects. Masks were generated with the WFU-Pickatlas (http://www.fmri.wfubmc.edu/). In order to evaluate consistency of selected ICNs across rest and task conditions, we created templates from identified resting-state networks in a whole group approach [P < 0.05, family-wise error (FWE) clustercorrected], related these masks spatially with the 59 components of the task ICA analysis again by spatial regression as implemented in the gift toolbox, and-to foreshadow results-found consistent ICNs with respect to the above-mentioned procedure (i.e., the IC selection procedure based on templates of Allen et al. identified consistent ICNs across rest and task; for correlation coefficients see Supplementary Table 4) .
Across-Subject Statistical Analysis
To statistically evaluate spatial maps of selected components, we calculated voxel-wise one-sample t-tests on participants' spatial z-maps for each condition and group, using SPM5 (P < 0.05, FWE cluster-corrected). To analyze group differences, corresponding spatial maps were entered into two-sample t-tests (P < 0.05, FWE cluster-corrected, with network volumes as covariates of no interest; for details of network volume definition see below and Supplementary material "voxel-based morphometry of structural MRI"); these two-sample t-tests were restricted to appropriate one-sample t-test masks across all participants (P < 0.01, uncorrected). For volumes and networks defined by overlapping group different FC for rest-and task-states (i.e., in the pDMN and rATN, see Supplementary Table 1 and Fig. 2 ), z-maps were averaged for each subject and condition, and compared across conditions via paired t-tests for each group (P < 0.05; restricted to subjects with both rest-and task-fMRI data).
Control Analysis for Atrophy
To control for the influence of potential atrophy on FC of networks, structural changes were estimated by the use of voxel-based morphometry (VBM) of structural MRI data, which are described in detail in Supplemental Material and elsewhere (Myers et al. 2014 ). In brief, by the use of VBM, images were bias-corrected, tissue classified, linearly (i.e., 12-parameter affine registration) and non-linearly (i.e., warping regularization) registered, and smoothed with a Gaussian kernel of 8 mm full-width at half maximum. Voxel-wise gray matter differences between patients and controls were examined using two-sample t-tests (P < 0.05, FWE cluster-corrected), and related with spatial patterns of aberrant FC via visual inspection. Moreover, gray matter values were extracted from those networks showing FC group differences consistent across rest and task conditions, and entered as covariates into resting-state FC group comparisons.
PiB-PET Data Analysis
To evaluate the relationship between resting-state FC and PiB-uptake, regional PiB-uptake was estimated from PiB-PET data, following previous protocols (Mosconi et al. 2008 ) and described in detail in Supplemental Material. In brief, after image reconstruction, correction of dead time, scatter and attenuation, SPM5 was used for image realignment, transformation into the standard stereotactic MNI space, smoothing, and statistical analysis (two-sample t-test, P < 0.001, cluster extent k = 100).
Relationship among Intrinsic Networks, PiB-Uptake, and Cognition
Regression Analyses
As we found spatially consistent group differences during rest and task for the pDMN and rATN in the medial and lateral posterior parietal cortex (PPC), respectively (Supplementary Table 1 and Fig. 2) , the following analyses focused on these regions. Since spatial overlap of altered rest-and task-FC was small at a conservative threshold (i.e., P < 0.05, FWE cluster-corrected; Supplementary Table 1) but enlarged strongly at a more liberal threshold (P < 0.05; Fig. 2 ), data suggested that consistently changed FC might be underestimated (for example, ICA of across groups merged fMRI data may underestimate group differences in the FC of networks). Therefore, we decided, first, to use more liberal thresholds for unimodal group comparisons with the effect of an enlarged volume of interest of potential candidates to link Aβ-pathology with impaired cognition via intrinsic FC and, then, to combine such enlarged volume with a complementary voxel-wise multiple regression approach to relate resting-state FC with impaired cognition/PiB-uptake in patients. The combination of volume-of-interest enlargement by liberal "entrance" thresholds and subsequent voxel-wise regression analysis is complementary, since voxel-wise approaches are sensitive for intraregional variability within enlarged volumes of interest without loss of statistical rigor. In a nutshell, our procedure increased the number of potential candidates, whose resting-state FC may relate with both Aβ-pathology and impaired cognition.
More specifically, to define an overlap region that includes all potential voxels of aberrant rest-and task-FC at high probability, we chose a liberal threshold of P < 0.2 for unimodal comparisons by minimizing the amount of Type II error, and defined the overlap volume by the use of MARSBAR (Brett et al. 2002) . Based on this volume, voxel-wise regression analyses linking patients' rest-FC with local PiB-uptake/cognitive scores were performed. For voxel-wise regression analysis, we followed Mormino et al. (2011) , who used such an approach to relate FC and PiB-uptake. For regression analyses, we used a threshold of P < 0.05 uncorrected with a cluster extent threshold of k = 40. This liberal significance threshold was chosen due to 3 reasons: (1) We tested a regionally specific hypothesis (i.e., for consistently changed FC, patients' reduced resting-state FC is related with both increased PiB-uptake and reduced cognitive performance) instead of exploratory whole-brain analysis. (2) For PiB-uptake in posterior parietal areas of pAD, liberal thresholds have to be applied as patients may show strong ceiling effects in the PiB analyses (i.e., PiB-uptake values were very high with a small intersubject variance; Engler et al. 2006; Grimmer et al. 2009) . (3) The chosen threshold is similar to that of Mormino et al. (2011) .
To analyze the relationship between pDMN/rATN FC at rest and local PiB-uptake, PiB-uptake scores were averaged for each overlapregion of interest (ROI). Subsequently, patients' averaged PiB-uptake scores were treated as a continuous variable and regressed voxel-wise against pDMN/rATN FC maps in SPM.
To analyze the relationship between pDMN/rATN FC and cognitive performance, we performed analogous regression analyses of pDMN/ rATN spatial maps (as just described), but with regressors reflecting cognitive performance instead of PiB-uptake. To ensure consistent results, we used 2 different scores of cognitive performance. First, we used the accuracy results of the task-fMRI paradigm. More specifically, we used the error rate difference between the easiest and the most difficult conditions (ACCR 4 − ACCR 1) as a regressor to account for variance predictive of success in our particular task. Secondly, we used CERAD total scores as a regressor, reflecting general cognitive impairment (Karrasch et al. 2005) .
To control for the network specificity of the reported effects, analogous analyses as described above were performed for the auditory network. To create a control-ROI correspondent to the overlap-ROI, we defined the control-ROI center by the peak of the auditory network's group difference for the resting-state condition; as a ROI radius, we defined the minimal length that enabled the spherical control ROI volume to cover given overlap-ROI volumes.
SEM Analysis
Finally, beyond pairwise voxel-wise regression analyses linking between levels of Aβ-pathology, FC, and cognition, we also investigated within one integrated analytic approach whether aberrant ICN connectivity mediates or moderates the effects of Aβ-pathology on cognition in AD. Therefore, we performed ROI-based SEM for regional PiB-uptake, intrinsic network z-maps, and cognitive scores. We extracted PiB-uptake and resting-state FC values from those regions within rATN/pDMN overlap-ROIs that showed an altered connectivity in patients compared with healthy participants (as described in Supplementary Table 1 based on two-sample t-tests at significance threshold P < 0.05, FWE cluster-corrected).
We specified 2 path models, a moderator and a mediator model. A mediator model typically consists of one (or more) independent (or exogenous) variable(s), a mediator variable, and a dependent variable. Both the independent and the mediator variables are assumed to influence the dependent variable. The independent variable influences the dependent variable both directly and indirectly, that is, through its effect on the mediating variable. Accordingly, in the present study, Aβ-pathology (i.e., PiB-uptake) constitutes the independent variable, cognitive performance (i.e., ACCR4 − ACCR1 and CERAD) the dependent variable, and FC the mediating variable. Thus, we would assume that the association between PiB-uptake and cognitive performance is mediated through the effect of PiB-uptake on FC (i.e., indirect effect).
A moderator model typically consists of one (or more) independent variable(s), a moderator variable, and a dependent variable. The major difference to the mediator model is that the moderator variable is assumed to directly influence the association between the independent and the dependent variable. Again, in the context of the present study, Aβ-pathology (i.e., PiB-uptake) constitutes the independent variable and cognitive performance (i.e., ACCR4 − ACCR1 and CERAD) the dependent variable. Assuming that FC moderates the association between Aβ-pathology and cognitive performance, we generated the moderator variable by calculating the element-wise product of PiB-uptake and FC (Baron and Kenny 1986; Schlösser et al. 2007) .
SEM was performed using the program Amos 22.0.0 (http:// amosdevelopment.com), applying a maximum-likelihood algorithm for estimating path coefficients. We used bootstrapping procedures which make no a priori assumptions about the distribution of the paths. The null hypothesis was tested by determining whether zero was within the 95% bias-corrected confidence intervals (CIs). The goodness-of-fit index (GFI) was used to assess the goodness-of-fit of the models.
Results
Impaired Cognition and Increased PiB-Uptake in Patients
Patients had significantly reduced CERAD total scores compared with healthy older adults (two-sample t-test, P < 0.001; Table 1 ). Furthermore, for the attention-demanding task of increasing difficulty during task-fMRI, two-way repeatedmeasures ANOVAs of accuracy ACCR and RT, with factors group (2 levels) and task difficulty (4 levels), revealed significant effects of group (ACCR F 1,30 = 25.4, P < 0.001; RT F 1,30 = 16.2, P < 0.001), of task difficulty (ACCR F 3,90 = 30.7, P < 0.001; RT F 3,90 = 93.7, P < 0.001), and a significant interaction (ACCR F 3,90 = 23.3, P < 0.001; RT F 3,90 = 10.7, P < 0.001). Post hoc t-tests revealed selective impairments of patients for the more difficult conditions, both in terms of accuracy (independent samples t-tests, t 30 = 5.51, P < 0.001; t 30 = 0.86, P = 0.39, for ACCR in the most difficult and the easiest conditions, respectively) and RTs (t 30 = −3.99, P < 0.001; t 30 = −1.91, P = 0.07, for RT in the most difficult and the easiest conditions, respectively; Supplementary Results and Supplementary Fig. 3 for mean accuracies and reaction times).
Patients had increased cortical PiB-uptake within the frontal, parietal, and temporal lobes compared with healthy older adults (two-sample t-test, P < 0.001 uncorrected and k = 100; Fig. 1A ). The pattern of distribution corresponded well to typical findings previously described in AD (e.g., Drzezga et al. 2011) .
Patients had decreased gray matter volume mainly in the temporal lobe, the anterior cingulate, and the left hippocampus (two-sample t-test, P < 0.05, FWE cluster-corrected, Supplementary Table 2 and Supplementary Fig. 4 ).
Posterior DMN and Right ATN FC During Rest and Task Is Consistently Disrupted in the Medial and Lateral
Posterior Parietal Cortex ICA of rest-and task-fMRI data revealed for each group spatiotemporal patterns of FC that were correspondent with the posterior and anterior DMN, right, left, and dorsal ATN, salience network, and primary auditory network ( Fig. 1B ; Supplementary Table 3 ; one-sample t-test, P < 0.05, FWE cluster-corrected). ICNs were spatially consistent across groups (Fig. 1B) , across tasks (Supplementary Table 4) , and matched previous results (Damoiseaux et al. 2006; Sorg et al. 2007; Smith et al. 2009; Allen et al. 2011) .
For the rest condition, patients had lower FC in the precuneus of the pDMN and in the inferior parietal lobule of the rATN (Fig. 1B; Supplementary Table 3 ; two-sample t-test, P < 0.05, FWE cluster-corrected). For the task condition, patients had increased FC in the precuneus of the pDMN, in the inferior parietal lobule of the rATN, and in the superior parietal cortex of the dorsal ATN ( Fig. 1B; Supplementary Table 3 ; twosample t-test, P < 0.05, FWE cluster-corrected). After correcting group differences for brain atrophy (i.e., gray matter volume), the effects in the pDMN remained significant both for the rest (x = 6, y = −66, z = 34, k = 121, T = 4.67, P < 0.05, FWE cluster-corrected) and the task condition (x = 12, y = −66, z = 28, k = 83, T = 4.42, P < 0.05, FWE cluster-corrected), while the effects in the rATN were no longer significant.
Critically, when comparing group differences for rest and task, we found overlap (i.e., aberrant FC common to both conditions) for the DMN in the precuneus ( Fig. 2A and Supplementary Table 1 ) and for the rATN in the inferior parietal lobule (Fig. 2B and Supplementary Table 1 ). For such overlapping group different rest-and task-FC of the pDMN and rATN, we found lower averaged connectivity in patients and controls during rest than during task in the rATN (P < 0.05, Fig. 2B ), and only for controls increased connectivity during rest than during task in the pDMN (P < 0.05, Fig. 2A ).
Lower pDMN/rATN FC at Rest Correlates with Cognitive Impairment
Voxel-wise regression analyses demonstrated for the medial and lateral PPC that patients' lower pDMN/rATN FC at rest is positively correlated with patients' reduced accuracy (ACCR 4 − ACCR 1) of task performance (Fig. 3A,B ; Supplementary Table 5; P < 0.05, uncorrected, k = 40). Analogous regression analyses demonstrated for the same regions that patients' decreased pDMN/rATN FC at rest is positively correlated with Figure 1 . Multimodal imaging of patients with pAD and controls. (A) PiB-PET: Group difference in PiB-PET (ΔPiB) between healthy controls and patients is shown by statistical parametric map (SPM) of a two-sample t-test, P < 0.001 uncorrected, cluster extent k = 100; ΔPiB-uptake pattern superimposed on a single-subject high-resolution T 1 image. (B) Resting-state and task-fMRI: Participants' resting-state and task-fMRI data, respectively, were decomposed by ICA resulting in individual spatial maps that reflect the spatial patterns of ICNs. Columns 1-4 and 7-10: Spatial connectivity patterns of ICNs during both rest and task for patients and controls (SPMs of one-sample t-tests for each ICN of controls and patients; P < 0.05 FWE corrected at cluster level). Columns 5, 6, 11, and 12: SPMs demonstrating increased and decreased FC in patients (two-sided two-sample t-tests; P < 0.05, FWE cluster level, for visual demonstration P < 0.05, k = 10). All SPMs are projected onto a single-subject anatomical T 1 -weighted image. C: healthy controls; P: patients; FC: functional connectivity; DMN: default mode network; p: posterior; a: anterior; ATN: attention network; r: right; l: left; d: dorsal; SN: salience network; pAN: primary auditory network.
patients' general cognitive impairment reflected by CERAD total scores (Fig. 3A,B ; Supplementary Table 5) . Analogous analyses of the auditory network did not show any significant result.
Increased Local PiB-Uptake Correlates Negatively with pDMN/rATN FC at Rest Increased PiB-uptake of patients overlapped with maps of lower FC at rest for the pDMN and rATN in the medial and lateral PPC (Fig. 4A,B) . Voxel-wise regression analyses demonstrated for the medial and lateral PPC that patients' local PiB-uptake is negatively correlated with pDMN/rATN FC at rest (Fig. 4A,B ; Supplementary Table 5; P < 0.05, uncorrected, k = 40). An analogous analysis of the auditory network did not show a significant result.
pDMN FC Moderates the Effects of Aβ-Pathology on Cognition SEM revealed no significant mediating effects for pDMN and rATN with respect to Aβ-pathology and cognition. Results of the moderator analysis showed a significant negative association between pDMN PiB-uptake and cognitive (i.e., ACCR4 − ACCR1) performance (β = −0.86, P < 0.001) and a trend significance in terms of a positive association between pDMN FC and cognitive performance (β = 0.28, P < 0.09). The moderating effect of pDMN FC on the association between pDMN PiB-uptake and cognitive (i.e., ACCR4 − ACCR1) performance was significant (β = −0.59, P < 0.001) (Supplementary Fig. 5 ). The GFI of the moderator model was 0.9, indicating a good model fit. Moderating effects for the rATN and for CERAD scores were not significant.
Discussion
To address the hypothesis that, in early AD, FC of intrinsic networks is consistently changed across attention-demanding task-and rest-states, and that for such regions, aberrant intrinsic connectivity links with local Aβ-pathology and impaired cognition, patients with pAD and healthy older adults were assessed by a multimodal imaging approach including rs-fMRI and task-fMRI, PiB-PET, and neuropsychological examination. In 2 networks covering the medial and lateral PPC (namely the DMN and rATN), areas with consistently aberrant connectivity during rest and during an attention-demanding task were observed; patients' at-rest-FC of these areas was associated with both PiB-binding levels and the degree of cognitive impairment. Post hoc SEM confirmed a direct influence of DMN intrinsic connectivity on the association between PiB-uptake and cognitive impairment. Beyond the DMN, our study provides first evidence for an intrinsic network-based mechanism linking Aβ-pathology with impaired cognition in early AD.
Patients' pDMN and rATN: Consistent FC Changes During Rest and Task
Regionally Overlapping Aberrant Rest-and Task-FC Corresponding to our first hypothesis, we observed regionally consistent abnormalities in the FC of the pDMN and rATN in patients with pAD during rest and task conditions (Figs 1 Figure 2 . Spatially consistent FC changes of pDMN and rATN across rest and task in patients. Columns 1 and 2: ICNs characterized by spatial patterns of FC during rest (lines 1 and 3) and task (lines 2 and 4) concerning the pDMN (A) and rATN (B) (SPMs as in Fig. 1) . Columns 3 and 4: Results of the ICN group comparisons for FC maps between patients and controls (ΔFC) for rest and task condition as well as corresponding spatial overlaps of group differences (ΔFC Rest and ΔFC Task) [SPMs with increased (P > C) and decreased (P < C) FC in patients as in Figure 1 ]. Right side: Bar plots representing averaged FC values for overlapping group differences for each group, condition, and ICN. Paired t-tests revealed FC differences across conditions (P < 0.05, * significant result, pDMN T = 0.9 ( patients)/7.7 (controls); rATN T = −7.8/−2.1). and 2; Supplementary Tables 1 and 3 ). While FC was lower during rest, it was increased during the attention-demanding task. The spatial consistency of FC group differences across rest and task suggests that pDMN/rATN intrinsic brain activity is robustly impaired in pAD ( Fig. 2A,B) . In the pDMN of patients, FC in the right precuneus was significantly less reduced during the task than that of healthy controls ( Fig. 2A) . This result corresponds with several previous observations of reduced DMN/medial PPC deactivation in MCI/ AD during various cognitive tasks (Lustig and Buckner 2004; Rombouts et al. 2005; Petrella et al. 2007 ). In contrast to these studies, here we showed a reduced decrease in "connectivity" rather than in evoked activation (in line with Celone et al. 2006 ). In addition, increased task-FC in the right and dorsal ATN was found in the inferior and superior PPC in patients compared with controls (Figs 1B and 2B; Supplementary Fig. 1 ). Column 2: Patients' performance scores for cognitive accuracy (ACCR 4 − ACCR 1, assessed during task-fMRI) and CERAD total (neuropsychological assessment outside the scanner) were treated as continuous variables and regressed voxel-wise against pDMN/rATN FC maps, resulting in SPMs (P < 0.05 uncorrected and k = 40). Right side: For visualization, the relationship between cognitive performance and FC was assessed by Pearson correlation between averaged FC and cognitive performance scores across patients (P < 0.05; ACCR/CERAD total for pDMN r = 0.65/0.64, for rATN r = 0.66/ 0.62).
Directions of FC Changes
Even though the group differences in DMN and ATN connectivity were spatially consistent across rest-and task-states, the 2 networks showed dissimilar responses to the applied attention-demanding task (with the DMN barely changing in patients, while the right ATN showed an abnormal FC increase; Fig. 2 ). Since we have no a priori reason to believe that Aβ-pathology should affect (at least cortical) connectivity differently in different ICNs (if they are burdened with similar amounts of pathology), other factors must explain this divergence in their task response. It is well known that the amount of task-evoked FC increase in an ICN depends on the functional specialization of the ICN in question (Calhoun et al. 2001 Eichele et al. 2008; Smith et al. 2009; Laird et al. 2011; Raichle 2011) . The right ATN, spanning regions known to be involved in the top-down control of attention (e.g., Nobre et al. 1997) , should be functionally involved in our cognitive task including increasing top-down attention, and should therefore show a group difference that reflects the group difference in task performance. Thus, the data indicate that impaired cognitive performance goes along with an increased demand of concerted activity within task-relevant regions or networks. The abnormal connectivity increase might therefore reflect a compensatory mechanism in the presence of reduced cognitive capacities going along with pAD. On the other hand, a regular DMN decrease of FC during attention is impaired in patients.
Reduced Rest-FC and Atrophy
Concerning resting-state FC, we observed lower FC within the posterior DMN and the right ATN in the medial and lateral PPC, respectively, in patients (Fig. 1B and Supplementary Table 3) . This result replicates a previous independent finding of our group, observed in MCI patients when compared with controls (Sorg et al. 2007 ). Even though atrophy was only marginally present ( Supplementary Fig. 4 and Supplementary Table 2), lower FC in the DMN and rATN may have been related to reductions in gray matter volume (as previously reported, see Agosta et al. 2012) . Accordingly, FC decreases in the rATN were no longer significant when adding network gray matter volumes as a covariate into the group comparisons. This indicates that findings of altered rATN connectivity in pAD are closely linked to decreases in gray matter volume. Medial and lateral components of the temporal lobes were most strongly affected by gray matter decreases ( Supplementary Fig. 4 and Supplementary Table 2), but parts of the frontal lobe (predominantly orbital frontal) also showed significant gray matter decreases in patients compared with healthy controls. This finding illustrates that changes in gray matter volume should be taken into consideration when investigating alterations in FC within ATNs in patients with pAD. Of note, the strength of FC decrease in the pDMN was only reduced but remained significant after adding network gray matter volumes as a covariate into the group comparisons. While disrupted FC within the DMN is a very consistent and robust finding in MCI, AD dementia, and even in prodromal stages of the disease (Sorg et al. 2007; Hedden et al. 2009; Mormino et al. 2011; Agosta et al. 2012) , disrupted FC within ATNs is less consistently reported (for example, for the dorsal ATN, see Li et al. 2011 or Sorg et al. 2007 and for lateralized ATNs, see Agosta et al. 2012 or Li et al. 2011 . The obviously stronger influence of gray matter atrophy on ATN FC may explain this to some degree.
Linking PiB-Uptake, Reduced Resting-State FC, and Impaired Cognition CERAD total scores reflecting general cognitive performance. The result is specific to the pDMN and rATN, as in the auditory network correspondent results were not found. The observed consistency across different cognitive scores suggests a general impact of disrupted pDMN/rATN connectivity in the PPC on cognitive performance. This general impact on cognitive performance might be explained by both the hub character of the medial and lateral PPC and the correspondent PPC involvement in a wide range of cognitive tasks (Gitelman et al. 1999; Corbetta and Shulman 2002; Dosenbach et al. 2008; Buckner et al. 2009; Smith et al. 2009 ).
Patients' pDMN and rATN: Disrupted Intrinsic Connectivity Is Associated with Local PiB-Uptake We found that, in the medial and lateral PPC, increased local PiB uptake was overlapping and negatively correlated with patients' resting-state FC of the pDMN and rATN, respectively (Fig. 4 and Supplementary Table 5 ). This negative association between PiB-uptake and intrinsic FC was exactly in those areas that were characterized by both aberrant task-and at-rest-FC. This finding was specific to the pDMN and rATN, since in the auditory control network corresponding results were not found. A negative association between PiB-binding levels and resting-state FC has been reported in previous studies for the DMN (Hedden et al. 2009; Mormino et al. 2011 ) and the ATN (Myers et al. 2014) for persons with and without cognitive symptoms. Particularly, Drzezga et al. (2011) found that cortical regions such as precuneus or inferior parietal lobule, which are characterized by extensive FC with other parts of the cortex, are related to neuronal dysfunction (measured by FDG-PET), reduced resting-state FC, and increased PiB-uptake in patients with MCI. Taken together with results from animal studies demonstrating significant effects of local Aβ-pathology on ongoing activity (e.g., Busche et al. 2008 ; for a review see Palop and Mucke 2010) , our data suggest that, in patients, the significant association between higher PiB-binding levels and lower intrinsic FC may reflect an adverse effect of Aβ-pathology on intrinsic FC in DMN and ATN.
No Simple Mediating Role of Aberrant Intrinsic Networks Between Amyloid Pathology and Impaired Cognition Based on significant pairwise relations between impaired at-rest-FC and PiB-uptake/impaired cognitive performance, we expected aberrant FC to mediate between Aβ-pathology and cognition. However, instead of such a mediating effect, we found a moderating effect for only the pDMN on the relation between PiB-uptake and impaired cognitive performance for the precuneus (Supplementary Fig. 5 ). The higher the at-rest-FC in the precuneus, the less the effect of PiB-uptake on performance. In other words, precuneus FC works as a modulatory context factor to translate pathology effects into impaired cognition, instead of directly mediating Aβ-pathology effects. This finding suggests a complex, non-linear relationship between Aβ-pathology as defined by PiB-uptake, intrinsic FC, and cognitive performance, likely including further modulatory factors (Myers et al. 2014) . We speculate that factors such as cognitive reserve (Barulli and Stern 2013) or individual baseline relationship between network connectivity and Aβ-pathology (Myers et al. 2014 ) might play a role. Future studies that explicitly analyze such factors are necessary.
In this context, it is important to emphasize the special role of the precuneus with respect to its PiB-uptake signal. While we found-in line with others (e.g., Hedden et al. 2009; Mormino et al. 2011 )-correspondent precuneus PiB-uptake and FC reduction, suggesting a link between local plaque load and connectivity, recent neuropathological studies have challenged whether increased PiB-uptake in the precuneus really reflects increased plaque load. For example, Nelson et al. (2009) found that in patients with AD-dementia, significant precuneus plaque load was only detectable in the minority of cases. Similar findings were reported by Perez et al. (2014) . Furthermore, precuneus synapse integrity seems to be largely preserved at least in early AD (Scheff et al. 2013) , while cholinergic activity is specifically reduced (Ikonomovic et al. 2011 ). Based on these findings and on our result of linked PiB-uptake and at-rest-FC, precuneus Aβ-pathology as defined by PiB-uptake may be more strongly related to disrupted connectivity than to plaque load or aberrant synapses. Further studies are certainly necessary to better understand the specific neural underpinnings of altered PiB-uptake and Blood-oxygen-level dependent-FC measures particularly in the precuneus.
Conclusion
In pAD, we observed regionally overlapping abnormalities in FC during resting-state and cognitive task conditions in the precuneus of the posterior DMN and inferior parietal lobule of the ATN. Furthermore, patients' disrupted resting-state FC was related with both increased local PiB-uptake and impaired cognitive performance. Finally, instead of a simple linear mediation, we found disrupted DMN connectivity to have a complex moderating effect on the influence of Aβ-pathology on impaired cognition in AD.
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